UBE3A is a dual function protein consisting of ubiquitin ligase as well as transcriptional co-activator function. UBE3A gene is imprinted in the brain with preferential maternal-specific expression particularly in the neuron and loss of activity of the maternally inherited UBE3A causes Angelman syndrome (AS), characterized by severe mental retardation, lack of speech, seizures and autistic features. Interestingly, duplication, triplication, or gain-of-function mutations in the UBE3A gene are also linked with autism clinically distinguished by social impairments and stereotyped behaviors. These findings indicate that the expression and activity of UBE3A must be tightly regulated during brain development and UBE3A might be playing a crucial role in controlling synaptic function and plasticity through proteasome-mediated degradation as well as transcriptional regulation of its target proteins. In fact, several recent reports demonstrated the role of UBE3A in the modulation of synaptic function and plasticity. This review focuses on the critical role of UBE3A in regulating the synaptic function and how its altered activity is associated with autism.
INTRODUCTION
International classification of diseases (ICD-10) describes autism as an early onset neurodevelopmental disorder with three major characteristics feature: lack of communication, lack of social skills, and repetitive stereotyped behavior. With the extensive study in multiple new cases, the Diagnostic and Statistical Manual of Mental Disorders (DSM-V) updated this definition in 2013, wherein, delayed language development was removed from the list of criteria and autism covered a host of diseases redefining itself as an autism spectrum disorder (ASD). First reports of autism were made by Leo Kanner and Hans Asperger in 1943-44 . Both Kanner and Asperger defined a set of children withdrawn in their own world and failing to express themselves in social settings. Kanner termed this condition infantile autism while Asperger called it autistic psychopathy, both deriving their descriptions from schizophrenia and psychosis (Kanner, 1968; Asperger, 1991) .
ASD has come a long way from its mid-twenties view of childhood psychosis to today, where it can be categorized according to its developmental pattern and co-morbidity with other diseases. ASD is a category of developmental disorders each with different behavioral phenotypes and severity and autism is the most common ASD. Improved diagnosis along with increased understanding of environmental risk factors has led to a considerable rise in the number of report worldwide. WHO report states that on an average 1 in 160 children's are suffering from ASD around the world, and it may occur more in males than in females. While the number of autistic cases continues to increase, the real cause behind the disease still remains a mystery. Reports suggest that environmental factors such as in utero exposure to alcohol, recreational drugs, pesticides, prenatal valproate exposure, nutritional deficiency, and maternal infections may hamper neural development leading to ASD (Roberts et al., 2007; Christensen et al., 2013; Volk et al., 2013; Karimi et al., 2017) . A growing body of research also points at the complicated genetic etiology of ASD with almost 800 genes enlisted in the autism database (AUTdb). Synaptic scaffold (SHANK3) (Berkel et al., 2010) , calcium ion channel (CACNA1C) that are known to be associated with Timothy syndrome (de la Torre-Ubieta et al., 2016) and GABA receptor genes (GABRB3, GABRA5, GABRG3) (Kim et al., 2006; Klauck, 2006; Vorstman et al., 2006) , genes encoding neuronal surface proteins (NLGN4X), intracellular trans-membrane proteins of the Golgi complex (POMGNT1), and genes responsible for proper cerebellar function (SYNE1) are important few names among multitude of genetic factors that may cause ASD (Vorstman et al., 2017) . Maternally inherited overexpression of UBE3A is currently thought to be the main cause underlying the Dup15q syndrome having typical autistic phenotypes (Cook et al., 1997; Urraca et al., 2013) . Moreover, the loss of function of maternally inherited UBE3A is also associated with Angelman syndrome (AS), a neurodevelopmental disorder with severe mental retardation along with autistic features (Malzac et al., 1998; Moncla et al., 1999) , thus making UBE3A a potential candidate gene to be studied for better understanding of autism. This review primarily focuses on the regulation of synaptic function and plasticity by UBE3A and how its abnormal function is associated with autism.
THE 15Q11-Q13 REGION: A LINK BETWEEN UBE3A AND AUTISM
The UBE3A gene is located on the proximal arm of the 15th chromosome at the q11-q13 site in humans, while it is found on the 7th chromosome in mouse (Kishino and Wagstaff, 1998) . Interestingly, majority of AS cases are due to the deletion of maternally derived copy of the 15q11-q13 chromosomal region. This region comprises many genes, one of which is UBE3A (Saitoh et al., 1997) . Furthermore, discovery of a various point mutations in the UBE3A gene in 5-10% cases of AS strongly implicated it as a causative factor for AS (Malzac et al., 1998; Lossie et al., 2001) . AS is characterized by severe mental retardation, developmental delay, cognitive impairment, seizures, and excessive laughter a feature that led Dr. Harry Angelman name this disease the happy puppet syndrome. Other than being sociable, children with AS exhibit many features overlapping with autism. This has resulted in a debate among researchers, where some consider AS and ASD comorbid (Steffenburg et al., 1996) , while others believe AS to be distinct disorder (Williams et al., 2001) . Autism phenotypes also has been described to be associated with a number of other neuro-genetic disorders such as Rett syndrome, Tuberous sclerosis, and Fragile X syndrome (FXS) (Gillberg, 1998) . Recent studies have indicated that in about 20% cases of autism, a high number of small genomic DNA copy number variations (CNVs) were present (Sebat et al., 2007; Morrow et al., 2008; Weiss et al., 2008; Glessner et al., 2009) . Interestingly, previous studies have also shown that maternally inherited 15q11-13 duplications and triplications are among the most common genomic CNVs identified in patients with autism (Cook et al., 1997; Schroer et al., 1998; Thomas et al., 2003) . Individuals having an inverted duplication of an extra maternal 15q11-13 segment (dup15), show mild autistic features, whereas individuals with two extra copies (triplication) resulting from an isodicentric extranumerary chromosome (idic15) display most of the autistic symptom whereas the paternal duplication of this region does not lead to autism (Hogart et al., 2010) . These studies suggest the involvement of imprinted genes lying within the duplicated chromosomal region as the cause of autism in these patients.
Interestingly, UBE3A, the AS gene, was identified as one of genes within the 15q11-q13 region which was solely expressed from the maternal allele in mature neurons (Albrecht et al., 1997) . Further, linkage disequilibrium at the 5 ′ end of UBE3A in families of autistic children (Nurmi et al., 2001; Shao et al., 2003) and paternally derived mutations at the same site not resulting in an autistic phenotype makes UBE3A a candidate gene for susceptibility to autism and related disorders. Earlier studies had suggested that ATP10A, a gene also lying at the 15q11-q13 site and expressed exclusively from the maternal chromosome (Meguro et al., 2001; Kashiwagi et al., 2003) could be another candidate gene for autism. However, this theory was later refuted, as ATP10A was not found to be maternally imprinted (Kayashima et al., 2003; Nakatani et al., 2009 ). Other genes coding for GABA A (γ-aminobutyric acid type A) receptor subunits β3, α5, γ3, and CYFIPI (cytoplasmic FMRP-interacting protein 1) are also reported in autism (Nishimura et al., 2007; Hogart et al., 2010) , which suggests the involvement of genes other than UBE3A lying within the 15q11-q13 region in autistic pathophysiology.
UBE3A: THE JACK OF ALL TRADES
The UBE3A gene encodes a 100 kDa protein that is functionally characterized as an E3 ubiquitin ligase belonging to the HECT (homologous to E6-AP C-terminus) domain family. As a part of the ubiquitin proteasome system, ubiquitin ligases (such as UBE3A) selectively target specific proteins for their ubiquitination and subsequent degradation by proteasome (Hershko and Ciechanover, 1992) . Interestingly, UBE3A was initially discovered in degrading tumor suppressor P53 protein by interacting with the viral E6 oncoprotein in cells infected with human papiloma virus (Scheffner et al., 1993) . Apart from its ligase activity, UBE3A also acts as a transcriptional coactivator (Nawaz et al., 1999; Smith et al., 2002; Khan et al., 2006) and found to regulate cell cycle (Oda et al., 1999; Mishra et al., 2009a) , synaptic function and plasticity (Reiter et al., 2006; Greer et al., 2010; Margolis et al., 2010; Kaphzan et al., 2011 Kaphzan et al., , 2012 Mabb et al., 2011; Sun et al., 2015) , and cellular protein quality control (Mishra et al., , 2009b Mulherkar et al., 2009) . Because of the link of UBE3A with AS and autism, researcher becomes increasingly interested to understand the regulation of synaptic function and plasticity by UBE3A. In fact, UBE3A has been shown to regulate synaptic plasticity and learning and memory formation by targeting activity regulated cytoskeleton-associated protein (Arc), a Rho guanine nucleotide exchange factor (Ephexin5), and small conductance calcium-activated potassium channel (SK2) (Greer et al., 2010; Margolis et al., 2010; Sun et al., 2015) . The expression of UBE3A is increased during experiencedriven neuronal activity and increased UBE3A up-regulates excitatory synapse formation by regulating the level of Arc, a synaptic protein that induces internalization of AMPA types of glutamate receptor (Greer et al., 2010) . However, subsequent study failed to establish Arc as substrate of UBE3A and rather it is transcriptionally regulated by UBE3A (Kuhnle et al., 2013) . UBE3A also ubiquitinates SK2 and promotes its endocytosis resulting in increased NMDA receptor activation thus regulating synaptic plasticity (Sun et al., 2015) . The Ube3a-maternal deficient mice (AS model mice) generated by Jiang et al reproduced many characteristic features of AS including cognitive and motor deficits, audiogenic seizure, anxiety-like behavior, disturbances in circadian clock, and sleep homeostasis (Jiang et al., 1998; Heck et al., 2008; Godavarthi et al., 2012; Shi et al., 2015) . These AS mice also shows defect in hippocampal calcium/calmodulin dependent protein kinase-II and longterm potentiation, experience-dependent synaptic plasticity, and imbalance of excitatory/inhibitory circuitry (Weeber et al., 2003; Yashiro et al., 2009; Sato and Stryker, 2010; Wallace et al., 2012) . Many of these abnormalities in AS mice could be due to the altered level of SK2, Ephexin5, Arc, or some other novel substrates of UBE3A (shown in Figure 1 ).
OVERDOSAGE OF UBE3A IN AUTISM: STUDY ON ANIMAL MODEL
The first mouse model of autism was developed by Nakatani et al. (2009) , where they used chromosomal engineering to duplicate a 6.3 Mb long mouse region orthologous to the human 15q11-13. This region encompassed many genes like Ndn, Ube3a, Atp10a, Gabrb3, Gabrb5, Gabrg3, and Herc2. Although this model showed behavioral abnormalities, they were mostly associated with paternally inherited duplication of the region. Since this result was not similar with maternal specific inheritance pattern of 15q11-13 duplications as observed in Dup15q syndrome patients (Cook et al., 1997; Nakatani et al., 2009; Urraca et al., 2013; Ellegood et al., 2015) , this model did not truly represent the autistic phenotype. In order to delineate the role of over dosage of UBE3A in autism, Smith et al. generated a mouse model over expressing flagged tagged Ube3a by using bacterial artificial chromosome (BAC) recombinant technique. They inserted the 162 kb fragment of mouse chromosome 7 which contained the entire 78 kb coding sequence of Ube3a gene as well as its 63 kb 5 ′ and 21 kb 3 ′ extragenic sequence into FVB embryos, which were subsequently bred to produce single or double copy transgenic mice (Smith et al., 2011) . The flagged tagged Ube3a was expressed across all brain regions. In accordance with the idic15 autism phenotype, the mouse with three-fold increase in Ube3a (2xTg) had impaired social behavior and communication along with increase in repetitive behavior, which is the hallmark of autism. And similar to the dup15 phenotype, the mouse with two fold increase in brain Ube3a (1xTg) had a weaker autism penetrance with few of behavioral deficits. This model suggested that Ube3a is a dose sensitive gene and it is required in triplication to reconstitute the full set of symptoms of autism in a mouse model system.
Another mouse model of ASD carrying a point mutation in neuroligin 3 (NLGN3) showed increased GABAergic transmission, while mouse model for Rett syndrome (where neurons were depleted of MeCP2) showed decreased GABAergic transmission without affecting glutamatergic transmission (Chao et al., 2010) . In contrast, the Ube3a overexpression model showed reduction in glutamatergic synaptic transmission with minimal effect on GABAergic transmission in the neuron. There was no difference in the number of synapse and dendritic spine. However, presynaptic release probability and synaptic glutamate concentration was found to be significantly reduced in Ube3a overexpressing mice. This may have resulted in a reduction of mEPSCs, suggesting that excess Ube3a acts at multiple distinct sites within the pre-post synaptic compartment of neuronal circuitry and may impair excitatory synaptic transmission leaving the GABAergic synaptic transmission intact. Similar reports by Yashiro et al. (2009) showing reduced frequency of mEPSCs in visual cortex (layer 2/3) pyramidal neurons and reduction in glutamatergic transmission as shown by Greer et al. (2010) in AS mouse model, links both the loss and gain of function of Ube3a to abnormal neurodevelopment. These findings also elucidate the molecular and circuit mechanisms behind both types of mutations.
However, the link between increased Ube3a expression and the autistic phenotype still remained unclear. To clarify this association, Krishnan et al. (2017) identified 190 up-regulated and 408 down-regulated genes in Ube3a (2xTg) mice which were enriched for glutamatergic synaptic transmission. They found Cbln1, a gene which binds to Nrxn1/2/3 and postsynaptic GRID1/2 and is dose dependently affected by Ube3a. Both NRXN1/2/3 and GRID1/2 genes were found mutated in ASD in a network protein-protein interaction study (Matsuda et al., 2010; Matsuda and Yuzaki, 2011; Wei et al., 2012; Elegheert et al., 2016) . They reported down regulation of Cbln1 in both Ube3a (1xTg) and Ube3a (2xTg) mouse models. Krishnan et al. also observed social deficits similar to Ube3a (2xTg) mouse in animals with Cbln1 deleted from VGLUT neurons specifically in the ventral tegmental area (VTA). They also reported that recurrent seizures reduced Cbln1 expression along with impaired sociability. This result was supported by an earlier report that showed downregulation of Cbln1 mRNA by increased neuronal activity after status epilepticus (Iijima et al., 2009 ). This study suggested that Ube3a was needed for seizure induced decrease in sociability and the repression of Cbln1. Restoring CBLN1 expression in VGLUT neurons of VTA rescued impaired sociability. Another study has shown increased level and activity of HDAC1/2 in AS mice brain (Jamal et al., 2017) . Since HDAC2 negatively regulates synaptic plasticity and memory formation (Guan et al., 2009) , its altered activity could lead to synaptic dysfunction in UBE3A-linked AS and autism. These findings indicate how transcriptional deregulation by Ube3a could be associated with abnormal synaptic function (see Figure 1) .
In humans, UBE3A is expressed at eight alternatively spliced transcripts that encode for three protein isoforms FIGURE 1 | Role of UBE3A in regulating synaptic function and plasticity. Being an ubiquitin ligase, UBE3A could selectively target various synaptic proteins (Ephexin5, SK2 Arc etc.) through proteasome-mediated degradation and thereby regulates synaptic function and plasticity. UBE3A also could regulate the expression of various genes (Cbln1, Arc, HDAC1, and 2 etc.) linked with synaptic function by the virtue of its coactivator function. Loss of function or overactivation of UBE3A could potentially altered synaptic function and plasticity, the underlying cause of many behavioral deficits observed in both AS and autism. SH, steroid hormone; SHR, steroid hormone receptor; SHRE, steroid hormone response element; Ub, ubiquitin; E1, ubiquitin activating enzyme; E2, ubiquitin conjugating enzyme; E3, ubiquitin ligase. (Yamamoto et al., 1997; LaSalle et al., 2015) , whereas in mouse Ube3a expresses at least three alternatively spliced transcripts (Yamamoto et al., 1997; Miao et al., 2013) . The function of each isoform of Ube3a in the brain is not clearly understood. Mio et al. suggest that isoform 2 of Ube3a is responsible for specification of apical dendrites and dendritic polarization of pyramidal neurons in the mouse cortex (Miao et al., 2013) . Ube3a isoform 1 has been reported to regulate dendritic spine development by sequestering miR-134-Limk1 complex, an enzyme involved in synaptogenesis (Valluy et al., 2015) . These studies suggest that each isoform of Ube3a is involved in some form of neuronal development, synaptogenesis and plasticity. Thus, mouse models were needed in order to study the effect of over expression of different isoforms with respect to autism. Copping et al. (2017) , using the Tetracycline-Off (Tet-Off) expression system, developed and characterized a mouse model for autism, which over expressed Ube3a isoform 2 (analogous to human UBE3A isoform 3) in excitatory neurons. Ube3a isoform 2 plays a key role in neural development hence was the isoform of choice for this model. Behavioral abnormalities in this mouse model were robust in contrast to the Ube3a (2xTg) mouse developed by Smith et al. Although it showed normal growth in the first 2 weeks post birth and had normal motor and exploratory abilities, this model had fewer USV (Ultrasonic vocalization) at both early and later stages of development. Overexpression of Ube3a isoform 2 also led to anxiety and cognitive impairments. This mouse model exhibited a unique feature of reduced seizure threshold as well as volume reduction and dysmorphia of the hippocampus which was in accordance with the phenotype of Dup15 patients, where 60% patients have seizures and are known to have heteropias and dysplasias (Boronat et al., 2015) .
UBE3A AND AUTISM: A DIRECT LINK
Lossifov et al. conducted a whole genome sequencing study, where they found autism proband with a T485A missense mutation in UBE3A gene (Iossifov et al., 2014) . Yi et al. also reported this mutation and suggested that it may lead to abnormally elevated activity of UBE3A (Yi et al., 2015) . UBE3A maintains its optimum level via self-targeted degradation and is under tight control during normal brain development (Nuber et al., 1998; de Bie and Ciechanover, 2011; Mabb et al., 2011) . T485A missense mutation disrupts the protein kinase A (PKA) phosphorylation site which is known to inhibit UBE3A ligase activity toward itself and its substrates. This leads to increase in UBE3A activity. Interestingly, this mutation also results in increased number of dendritic spine formation thus provides a mechanistic insight about how increased expression or activity of UBE3A could lead to altered synaptic function and plasticity. Scoles et al. found elevated level of UBE3A transcript and protein in post mortem brains of Dup15q individuals (Scoles et al., 2011) . In accordance to this, Noor et al. have recently reported a family with 15q11.2 duplication limited to the UBE3A gene (Noor et al., 2015) . The Comparative Genomic Hybridisation (aCGH) analysis revealed 129 kb duplication at chromosome 15q11.2 which encompassed the entire UBE3A gene with an overlap of all the three isoforms of UBE3A. They did not find any other clinically significant CNV. This patient was born to a 32 year old mother, via Cesarean section. The baby was diagnosed with infantile osteopetrosis at 9th day after birth for which she underwent bone marrow transplantation (BMT) at the age of 4 months. She suffered global developmental delay, although she could later communicate with little vocabulary. She is social with friends at school and also can make good eye contact. Family history of the patient revealed learning disability, anxiety, and depression on the patient's maternal side. These reports strongly indicate that UBE3A is one of the major contributors to the autistic phenotype in cases with maternal interstitial 15q11-13 duplication.
POSSIBLE THERAPIES FOR AUTISM TARGETING UBE3A: A FUTURE PERSPECTIVE
Realizing the potential of UBE3A in autism, Germain et al. in their iPSC lines from idic(15) patients restored normal UBE3A mRNA levels using antitumor antibiotic methamycin (Germain et al., 2014) . However, this approach requires extensive study as methamycin affects the expression of genes other than UBE3A. Yi et al. reported that chronic treatment with drugs targeting PKA, like forskolin and rolipram, can turn down UBE3A activity in neurons. This raises the possibility of targeting upstream regulators of UBE3A in order to rescue autistic symptoms (Yi et al., 2015) . Because the UBE3A is a paternally imprinted gene, its unsilencing could be a potential therapeutic strategy for AS and possibly other ASDs. Topoisomerase inhibitors have been found to unsilence the paternal Ube3a expression by inhibiting the expression of large noncoding antisense RNA transcript (UBE3A-ATS) (Huang et al., 2011) . However, topoisomerase inhibitors could alter the expression of number of other genes and therefore could have severe detrimental effect that requires extensive study. Recently, antisense oligonucleotide of UBE3A-ATS has been shown to activate the paternal Ube3a and improve the behavioral abnormalities in AS mice (Meng et al., 2015) . Similar strategy can also be tested to down-regulate Ube3a in rescuing autistic phenotypes in animals. Identification of novel substrates of UBE3A linked with synaptic function and plasticity could further lead to better understanding of the role of UBE3A in autism and AS that will eventually help in novel drug discovery. Detailed mechanistic study of neuronal circuit defects also need to be explored on models of ASD overexpressing UBE3A. Such studies will clearly elucidate the involvement of UBE3A in ASD and whether UBE3A alone could lead to such a robust autistic phenotype. Altogether, the finding of UBE3A as a candidate gene for autism is fairly new and holds promise in the future when mechanisms of action of UBE3A and its isoforms are elucidated, and upstream regulators of UBE3A gene are explored.
